In this article, we argue that 1) the activation energy for viscous flow becomes independent of temperature when the viscosity of molten glass is sufficiently low at high enough temperatures, such as those that exist in a glassmelting furnace, and 2) the intercept of the linear function lnη versus T −1 (η is the viscosity and T is the temperature) is independent of glass composition. This hypothesis, which is hardly new and is well supported by experimental data, allows minimization of the number of fitting parameters. A new dataset of meticulously measured viscosities of a large composition region of simulated nuclear waste glasses that recently became available provided an excellent opportunity to test this hypothesis to verify it again. Also, we used this dataset to demonstrate that some popular functions designed for representing the high-viscosity segment (where the activation energy changes with temperature) are not recommendable for approximating the low-viscosity segment (where the activation energy is constant). Fitting such functions produces overparameterization and leads to physically meaningless (or at least esthetically unsatisfactory) outcomes, or, if the functions are constrained by the glass-transition viscosity and the high-temperature asymptote, the result is a significant lack of fit.
Introduction
Establishing approximation functions for property-composition relationships (also called models) requires a sufficient number of reliable data. Generally, large databases may cover the multidimensional composition regions more densely (though not necessarily more uniformly than the small ones), thus allowing for identifications of secondary effects, such as component interactions. A previous paper [1] analyzed a low-viscosity database containing nearly 7000 data points from over 1300 glass compositions. The database was made available in 2009 and contained data accumulated from several laboratories over several years. Such a large database has an advantage in the large volume of information, but its drawback is that it can contain hidden parameters associated with different methods of measurement in different laboratories by researchers with different levels of training using different chemicals, different glass preparation procedures, etc. This diversity increases the uncertainty of the models and the number of outlying data can be large. The different test conditions introduce additional sources of uncertainty in measured quantities. Consequently, model coefficients and model predictions associated with models developed using these measured quantities can have greater uncertainty than they would have if the hidden parameters were not present in the dataset.
Smaller, well-designed datasets can be free of the uncertainties of large data collections. In another work [2] , a test matrix was designed for 38 glass compositions by changing one component at a time, starting from a centroid composition, from which component fractions were varied in regular intervals. Temperatures were also varied by regular increments. The dataset contained 323 viscosity values. Viscosity measurements were performed using a strict procedure, which was followed meticulously. Data analysis revealed slightly nonlinear behavior with respect to composition that nevertheless allowed a linear (first-order) model to be fitted with a high precision (R 2 = 0.993).
This paper uses a dataset reported by the Vitreous State Laboratory (VSL) [3] . The dataset was produced using a strictly controlled procedure, thus being free of uncontrolled influences, but has not been designed specifically for modeling viscosity versus composition. The glass compositions were formulated for melter experiments aimed at testing glasses for potential applications in the Hanford Waste Treatment and Immobilization Plant, which is under construction, to process a limited number of high-level nuclear wastes anticipated for vitrification [3] . Compositions were varied by changing waste loading and fractions of additive components to achieve glasses with acceptable properties and behavior in melters of various scales. Naturally, some waste component fractions were linearly dependent to some extent and fractions of the major components, though free of unacceptable collinearities, were not evenly distributed over their respective ranges, leaving gaps in the composition region coverage.
The main purpose of this study is to determine the minimum number of parameters and corresponding model form needed to represent the high-temperature viscosity as a function of temperature and melt composition. The VSL dataset was chosen for this study because the composition region covered by the VSL dataset is larger than any composition region previously tested (see Table 1 ) and is the focus for melter application. Only low-viscosity data were collected for melts processed in the waste-glass melters. Viscosities ranged from 0.4 to 462 Pa s (17 Pa s average), and the temperatures ranged from 941 to 1315°C (1120°C average).
Approximation function
The viscosity of molten glass is affected by every component present in a sufficient concentration. Therefore, the viscosity of manycomponent glasses, such as geological glasses or nuclear waste glasses, is a function of a large number of compositional variables. Nuclear waste glasses tend to contain 40 to 60 components. In such "crowded" mixtures, the large number of components imposes limits on the ranges of component fractions. Its composition region is large in terms of dimensions in the composition space, but small in terms of the intervals of composition variables. For such a region, nonlinear effects are relatively minor and component interactions can be disregarded unless they are caused by microstructural phenomena preceding crystallization or phase separation.
Viscosity is a strong function of temperature; the relationship is affected by structural changes that molten glass undergoes in response to changing temperature. As temperature increases, glass becomes progressively "depolymerized" until, at a low enough viscosity (the value of which depends on glass fragility), the melt begins to behave like an ordinary simple liquid. For fragile glasses, such as nuclear waste glasses, this happens at a viscosity lower than 100 Pa s. In the glass-melting furnaces, the viscosity is never higher than 100 Pa s. This paper is solely focused on the low-viscosity region.
Because the activation energy ceases to be temperature dependent for low-viscosity melts, a simple Arrhenius-type function is appropriate as an approximation function:
where η is the viscosity, T is the temperature, A is a constant, and B is the activation energy (in K). The pre-exponential factor, η ∞ = e A , is independent of composition, at least for a family of glasses of a similar strength (in terms of fragility). The activation energy depends on composition and can be expressed, at first approximation, as the first-order polynomial in terms of mass (or mole) fractions of components:
where B i is the i-th component coefficient and g i is the i-th component mass fraction. Mole fractions can also be used, and would be favored by researchers oriented toward the atomic structures of melts, but here we prefer mass fractions for practical purposes: glasses are prepared by weighing the raw materials. When fitting Eqs. (1) and (2) to viscosity data, the fitting parameters are the N values of B i coefficients and a single value of A. Hence, the number of fitting parameters is p = N + 1. See Section 6 for possible extension of Eq. (2) to include secondary effects. The B i coefficients are partial specific activation energies for viscosity (partial molar activation energies in the case of mole fractions). Consequently, the B i s are properties of the melt structure and are constant when the viscosity is low enough that the melt structure is not significantly affected by increasing temperature.
The viscosity dataset consists of viscosity-temperature data pairs for a variety of glass compositions. To obtain A and B i values, the combined Eqs. (1) and (2) are fitted to data using regression via minimizing the value of data deviation, D η :
where n is the number of data points, the subscripts M and E denote the measured and model-estimated value, respectively, and the subscript j stands for the j-th data point. It is also possible to use a fixed value of A (if A is a known constant for a specific family of glasses) and use linear regression to minimize the value of
Viscosity dataset
The VSL high-level waste (HLW) glass property dataset [3] lists 276 glass compositions; for 101 of these, there are altogether 400 viscositytemperature pairs measured at 2 to 5 temperature values for each glass. Of the staggering number of 57 components (oxides of 55 elements plus 2 halogens), only 25 were present at a fraction higher than 0.75 mass% in the viscosity subset. The fractions of components of less than 0.75 mass% were summed into an "Others" component (0.01-1.60 mass%, 0.61 mass% average). Table 2 presents B i coefficients (in 10 4 K) and some basic statistics for a model with N = 15 components (including "Others"). After excluding a high-viscosity outlier, 462 Pa s at 974°C, out of the original 400 (η,T) pairs, initial optimization was performed for n = 399 (η,T) pairs. The final optimization was done for n = 395 (η,T) pairs, excluding 4 additional data with
Arrhenius model
Both A and B i values were estimated using Eq. (3). The resulting A value was then used in Eq. (4) to obtain the second set of B i coefficients and their standard errors. Note the high values of standard errors (StEr) of the B i coefficient for F, a volatile component present in a small fraction of b1 mass%; F was included in the influential component set because it has a strong ability to decrease melt viscosity [4, 5] . The high StEr of B i for F was likely associated with its low fraction in glasses rather than with its volatility. According to the 2009 database [6] , up to 0.06 mass% F was added to 926 glasses, of which 287 were analyzed, finding 43 to 120% F (94% average) of the nominal (batched) value; F was also found as an impurity in 50 glasses, to which it was not added as a component. Hence, the large database [6] provides little evidence for F losses from melts with low F concentrations.
Based , and vice versa. This is also true about "Others" as a whole, but obviously not about all "Others" individual components. Luckily, even though the g i values of "Others"
were rather high for most compositions, the overall effect of "Others" on viscosity remained insignificant. Removing outliers influenced neither the composition region nor the temperature span, but the maximum viscosity decreased from 462 Pa s (original dataset) to 242 Pa s (data selected for model fitting). Thus, the maximum g i values remained the same for the final dataset as for the original one listed in Table 1 .
As Fig. 2 indicates, four outliers belonged to the lowest temperature group of data and one outlier belonged to the highest temperature group. Two outliers had the highest contents of both Al 2 O 3 (0.266) and CaO (0.182). The glass composition of the outlier with the highest viscosity (462 Pa s) did not have an extreme fraction of any major component and would have, based on the model, a viscosity 4 times lower (106 Pa s). This may be caused by network polymerization that sets in as temperature decreases (note that in this context, the term "polymerization" designates structural changes leading to an increase of B in response to decreasing temperature). Thus, the Arrhenius model does not apply to this data point. As Fig. 3 shows, the model underpredicts viscosity of data with the measured log(η/Pa s) N 2 (note that the component coefficients are defined in terms of the natural logarithm, ln η, while the decadic logarithm, log η, is used when convenient for indicating the order of magnitude).
Model validation
Property-composition models are typically validated with data that are not included in the dataset to which the model equations were fitted but belong to the same or similar composition region. Thus, our model can be validated using viscosity data available for glasses designed for Hanford high-level wastes [6] [7] [8] [9] [10] or even glasses developed for Hanford low-activity wastes [11, 12] or high-level wastes stored in other sites, such as Savanah River [13] , as long as the pertinent composition regions sufficiently overlap. Historical data of commartial as well as waste glasses are plentiful and various models that represent them are available in the literature [14] [15] [16] [17] .
For validating the coefficients listed in Table 2 (those optimized with D η , Eq. (3), using the VSL dataset of 395 data points), we selected previously reported statistically designed dataset [2] 2 , and "Others"). The 15 components of the VSL data set and the 13 components of the validation dataset overlap in 12 components. To obtain estimated viscosity values for validation glasses (where F, MnO, and SrO are included in "Others"), P 2 O 5 was added to "Others". Fig. 4 shows the result. The validation R 2 , computed for logη, was 0.9803.
The successful validation with a reliable dataset indicates that the drawbacks (with respect to model fitting) of the VSL dataset (gaps in composition region coverage and correlations in minor component fractions) did not negatively affect the model outcome. Successful validation also indicates that the measured glass melt viscosity was not significantly affected by possible compositional nonuniformity or by volatilization and crystallization that occurred during glass preparation or viscosity measurement. The validation data were produced at the Pacific Northwest Natinal Laboratory (PNNL) using different experimental procedures than the VSL used. Yet in both laboratories, a great care has been taken to prepare glasses as uniform in composition as possible. Whereas VSL homogenizes melts by mechanical stirring, PNNL is melting glasses twice: The first melt is prepared from batch chemicals; the glass it then ground and thoroughly homogenized before executing the second melt. Melting is performed in PtRh crucibles under PtRh lids. Both laboratories calibrate their viscometers, VSL with standard oils [3] and PNNL with standard glasses [7] . VSL routinely checks their compositions using the x-ray fluorescence method. A meticulous study of checking glass compositions with the inductively coupled plasma atomic emission spectroscopy, performed at PNNL, showed that no observable loss of volatile components (B, Li, Na, K, and Cs) occurred during glass preparation [7] . However, losses of SO 3 and Cl do occur; these components were treated as "Others".
Until recently, glasses prepared for testing were free of solids or phase separated liquids. The PNNL test procedure assures that any possible impact of volatility and crystallization that could occur during viscosity measurement on measured values would be detected. Measurement starts at 1150°C, continues at higher temperatures up to 1250°C, followed by taking data at lower temperatures up to 950°C, typically at 50°C steps, and finally returning to 1150°C [2, 7] . Thus, viscosity is measured twice for all but extreme temperatures and three times at 1150°C. Viscosity deviations of repeated measurements would indicate effects of compositional nonuniformity (caused by volatilization) or phase inhomogeneity (caused by crystallization). These effects were generally absent because volatilization and crystallization do not occur or has no significant effect on data. For example, crystallization of spinels or separation of phosphates may occur in some extreme VSL compositions, but would not have any significant impact on viscosity values that model validation could reveal. It could affect component coefficients of the minor components involved, but this was avoided in the present study by treating those components as "Others".
Component interactions
Larger databases with composition regions well covered with data points allow fitting of higher-order polynomials of the type
where B ij and B ijk are higher-order coefficients that represent binary and ternary interactions of components. The outlying data for VSL glasses that combine high fractions of both Al 2 O 3 and CaO suggest a possible interaction. However, the number of composition variations in the VSL dataset is not large enough for assessing higher-order terms.
Occam's razor
As stated in the Introduction, the main objective of this work is to determine the minimum number of parameters needed to represent the high-temperature viscosity as a function of temperature and melt composition. Such a task can be traced back to the famous Occam's razor, "Entities must not be multiplied beyond necessity." This maxim can be applied to property-composition models as follows: Among competing models that predict equally well, the one with the fewest adjustable coefficients (the parsimonious model) should be selected.
The Arrhenius model, with a constant pre-exponential factor and a minimum possible B i coefficients, performs satisfactorily for temperatures at which log(η/Pa s) b 2.1 for glasses with a relatively weak structure, such as nuclear waste glasses. Fig. 5 demonstrates that the common intercept of logη versus T −1 lines (note that the intercepts is the high-temperature asymptote, log η ∞ = − 4.94, corresponding to A = lnη ∞ = − 11.38, see Table 2 ) provides an elegant and adequate representation for low-viscosity data. For stronger glasses, such as commercial ones [14, 18] , the Arrhenius model is good for melts at temperatures at which log(η/Pa s) b 3. Hence, there is no reason for fitting low-viscosity data with models possessing a number of parameters higher than N + 1 except for higher-order coefficients justified by the effects of component interactions, as mentioned in Section 6. Occam's razor is a requirement for simplicity and thus discourages overparameterization. In the case of glass melt viscosity, other negative aspects of overparameterization need to be considered. One is the loss of physical meaning of component coefficients. Additional coefficients do not inform us, or may even give us misleading information, about the role of individual components in the glass structure. Another aspect is faulty extrapolation, especially to extreme values of variables, which may be major model parameters, such as the high-temperature asymptote (η ∞ ), the viscosity at glass-transition temperature (T g ), and the temperature at which viscosity rapidly increases to infinity (T 0 ). Even though these extremes have no bearing on fitting data within a narrow interval of variables (T or η), functions that do not lose meaning outside such intervals are clearly preferable. Concrete examples are given below to explore these aspects.
Approximation function with a higher number of composition-dependent parameters
…it's all too easy to fit curves to data and convince yourself you've discovered some profound truth.
[Robert Matthews]
Arrhenius equation with composition-dependent A
The Arrhenius Eq. (1) is often fitted to low-viscosity data with two composition-dependent coefficients, A and B, i.e., A = ΣA i g i and B = ΣB i g i , Eq. (2). Table 3 lists the component coefficients that result from performing such fitting for the VSL dataset (the other sets of coefficients listed in Table 3 [20, 21, 22, 23] . This value corresponds to A = ln(η ∞ ) ≈ −11.5, a virtually universal constant that only slightly changes with composition, but does not significantly change within a family of glasses, such as aluminoborosilicate nuclear waste glasses [18] . Values listed in Table 2 are close to this expected value, and so is the average in Table 3 . The likely cause of the wide range of A values of individual glasses is experimental error. As Fig. 6 demonstrates, the deviations in A values are compensated by opposite deviations in B values. This compensation effect is a natural consequence of the large gap between measured data and the intercept as compared with the span of measured viscosities as the inset in Fig. 5 illustrates.
Vogel-Fulcher-Tammann equation
The Vogel-Fulcher-Tammann (VFT) equation, lnη = F + G / (T − T 0 ), has three temperature-independent parameters, F, G, and T 0 . It fits viscosity data within about 10 orders of magnitude of viscosity values, generally from 10 3 to 10 13 Pa s, in the temperature range at which glass structure rapidly changes. The VFT equation is suitable for applications such as glass forming or glass annealing. However, it fails for η b 10 2 Pa s, when the melt is almost fully depolymerized and behaves like an ordinary liquid [19] . In spite of this known fact, this popular equation is habitually used for the low-viscosity range, where it is not adequate, and is fitted to low-viscosity data even when highviscosity data, for which it has been designed, are not available. Table 3 lists the component coefficients for the VFT equation with all three coefficients (F, G, and T 0 ) as composition-dependent first-order polynomials for 15 major glass components of the VSL dataset. The maximum, minimum, and average values of the estimated coefficient for each glass over the dataset sans the outlier are shown in the bottom rows of the table. The number of fitting parameters increased to 45. Again, the tiny gain in the R 2 and R 2 adj values (Table 4) hardly justifies the large number of parameters.
By Giordano et al. [25] , F = constant, independent of melt composition. Since η ∞ = e F , the pre-exponential factors of the VFT and Arrhenius equations should be identical, i.e., F = A. Yet for the VSL dataset (Table 3) , F varied from − 11.2 to − 5.4 with an average value F = − 7.6, far from the expected − 11.5. Similar to A i values and contrary to the expected behavior, the F i values (Table 3) suggest that modifiers, such as Li 2 O, would increase the asymptotic viscosity and that glass formers, such as ZrO 2 , would decrease it. This impossible outcome is a consequence of the compensation effect, Fig. 6 [here
Fitting the VFT equation to VSL data assuming a constant pre-exponential factor somewhat reduces overparameterization and results in a fair value of F = −11.48. However, the average T 0 then becomes −7 K, a nonphysical value. Regarding T 0 , it varies from 219 K to 538 K, with an average of 388 K, hardly reasonable values for temperatures at which glass turns into a brittle solid. It appears that the fitted coefficients F i and T 0i mainly compensate for random errors and thus are a statistical fluke. The T 0 value generally indicates the extent to which the structure of glass is changing. At high viscosities (η N N 10 2 Pa s), B in Eq.
(1) changes with T. Assuming that A = F and comparing the VFT and Arrhenius equations, we get B(T) = G / (1 − T 0 / T). Thus, the higher T 0 , the greater the deviation from Arrhenius behavior (the weaker the melt). However, because the melt is Arrhenian at low viscosities, low-temperature data alone cannot be used to estimate the high-viscosity response. Finally, as Fig. 7 shows, by the VFT equation, the activation energy,
, never becomes constant and decreases with the temperature even when viscosity is far below 10 2 Pa s. Because the glass structure no longer changes at low (measured) viscosities, there is no reason to anticipate that the structure would change when viscosities are still lower. The linear behavior shown in Fig. 5 is more likely.
Mauro et al. [24] equation
Another three-parameter equation, lnη = J + (K/T)exp(L/T), was recently advanced by Mauro et al. [24] . Based on 568 Corning glasses, J narrowly varied around a single average value, which is in agreement with the near constancy of η ∞ = e J . Table 3 lists the component coefficients of J, K, and L obtained by fitting to VSL data. As Table 3 shows, J varied from − 7.7 to − 3.7 with the average value of J = − 5.2, far from the expected − 11.5. As Fig. 7 indicates, the Mauro et al. [24] logη versus T [24] equation to VSL data assuming a constant pre-exponential factor results in J = −7.64, a rather high value (as compared to A = −11.38).
Constrained fits
Clearly, fitting VFT, Mauro et al. [24] , or similar equations to lowviscosity data with a narrow span of values, such as those of the VSL dataset (0.4 to 242 Pa s), is unjustified. As argued above, it is objectionable even when data are available for high viscosities measured at lower temperatures because, by these equations, the activation energy, B = ∂lnη/∂T −1 , is changing with the temperature at low viscosities when the glass resembles an ordinary liquid. Yet such functions are used for modeling velocity fields in glass-melting furnaces where the viscosity is fairly well below 10 2 Pa s. Luckily, the errors caused by the lack of fit of the VFT and similar functions at high temperatures has been deemed acceptable for furnace modeling and the objectionable value of η ∞ has no bearing on the application.
It is a common practice to estimate the logη versus T function over the whole technologically important interval from 1 to 10 12 Pa s by computing the values of three coefficients (such as F, G, and T 0 ) from three viscosity data sufficiently spread over the 10 to 10 12 Pa s interval.
In fact, only two data points are needed for a glass of a known glasstransition temperature, T g , assuming that log(η g /Pa s) ≈ 12. By Nemilov [26] , the η g value depends on the cooling rate (η g ≈ 10 12.8 Pa s at −3 K/ min) and is lower for weak glasses with low shear moduli (for organic glasses, η g can be as low as 10 10 Pa s).
For nuclear waste glasses, the measured values of T g range from 720 to 840 K and log(η g /Pa s) = 11.3 [18] . This interval is indicated in Fig. 7 , which shows the extrapolated VFT and Mauro et al. [24] logη versus 1/T functions from the high-temperature asymptote to glass transition for one of the VSL glasses with the identification shown in the legend; the lines were computed using the component coefficients listed in Table 3 . As argued above, extrapolating the VFT equation fitted to lowviscosity data to high viscosities is unsound, yielding a flawed T 0 value. It is no wonder that, as Fig. 7 illustrates, the VFT function misses the experimental T g range, greatly underestimating T g . For the VSL dataset, the extrapolated the VFT equation yields T g values within a range of 400 to 990 K (670 K average) that is much broader than the experimental range. The Mauro et al. [24] equation does not perform Fig. 7 . Curves of log η versus 1/T from the high-temperature asymptote to glass transition for the VFT and Mauro et al. [24] equations based on coefficients listed in Table 3 and fitted to data from one of the VSL glasses (the VSL identification is shown in the legend). The Arrhenius function is not extrapolated to high viscosity because of its limited range of validity. The typical range of glass-transition temperatures is indicated by a bar at top right. much better, anticipating for VSL glasses the range of T g values from 470 to 1020 K (720 K average), even though it appears luckier for the composition selected for demonstration in Fig. 7 , where it reasonably approximates the low-temperature behavior.
As indicated above, if the T g value is known, or can be reliably estimated, one can use the η g value, which is independent of composition, to constrain the three-coefficient equations and obtain a rough estimate of the whole logη versus T −1 curve based on just two additional viscosity data. Fig. 8 shows the result of such fitting for one VSL glass for which the T g was estimated based on coefficients reported in [18] . The η versus T relationship is probably unreliable for high viscosities (N10 2 Pa s) because of the lack of any data between 10 2 and 10 11 Pa s and also because the T g model used was based on a composition region smaller than that of the VSL dataset. With the T g constrained fitting, the lines in Fig. 8 are curved at low viscosities even more than in Fig. 7 , where no constraining was imposed. It is obvious that nothing can be done to improve the fit of the VFT and Mauro et al. [24] equations to low-viscosity data. Doubleconstrained equations for which both η g and η ∞ have predetermined values independent of composition require only a single data point for assessing three coefficients. Fig. 9 shows the result for the selected VSL glass. The lines curve at high temperatures to the extent that, as the inset demonstrates, the functions exhibit a significant lack of fit for low-viscosity data. f ] − 1 , where Y = ln(η/η ∞ ) / ln(η g /η ∞ ) is normalized lnη, s 0 = Σs 0i g i is the dimensionless configurational entropy at T → ∞, and f is an exponent related to glass fragility [18] . For HLW glasses, f ranges from 7 to 8; the VFT equation is a special case of f = 1 [18] . The modified Adam-Gibbs equation was fitted to the VSL dataset with T g values estimated using coefficients from previous work [18] . Component coefficients for s 0 are listed in Table 5 . The value of f = 7.511 was obtained using the least squares method, minimizing D η , the expression of the right-hand side of Eq. (3). The number of parameters is 2 N + 2 = 32 (N parameters for s 0 and for T g , one for η ∞ , and one for f). This is a minimum number of fitting parameters needed for the full range of viscosity including the low values. As Fig. 9 shows, the activation energy is virtually constant for η b 10 2 Pa s. Because high-viscosity data are unavailable, the section of the curve above 10 2 Pa s cannot be verified. The equation was also fitted with a predetermined f = 7.837 taken from [18] . The lower number of fitting parameters (31) resulted in a slightly lower R 2 (Table 4) . Although T 0 is an extrapolated asymptote at which η → ∞, its value is entirely hypothetical and even paradoxical (Kauzman paradox). Its value depends on the form of the approximation function. By the modified Adam-Gibbs equation, T 0 = T g [s 0 /(1 − s 0 )] 1/f the value of which is spanning the range of 300 to 420 K with an average of 350 K for the VSL dataset. The actual value can hardly be experimentally verified and is as good as T 0 = 0, a value proposed by Mauro et al. [24] and others before them. Nevertheless, not far below T g , glass behaves as a brittle solid for all practical purposes.
Conclusion
The Arrhenius equation with a constant pre-exponential factor and the activation energy a function of composition in terms of mass or mole fractions of influential components is sufficient to represent the viscosity of high-level nuclear waste glasses with η up to 240 Pa s. Increasing the number of parameters either by assuming that the Arrhenius pre-exponential factor is a function of composition, or that the VFT equation coefficients are composition dependent, does not bring any significant improvement of the fit and results in physically meaningless values of component coefficients. The Arrhenius equation is a hightemperature approximation of a modified Adam-Gibbs equation that represents the full range of viscosity of glasses from η ∞ ≈ 10 −5 Pa s to η g ≈ 10 12 Pa s. 
